A novel preparation method of concentrated gold nanoparticle pastes was developed. A comb-shaped block copolymer was used to prevent the mutual coagulation of gold particles. Certain kinds of amines were found to reduce Au3+ ion at an industrially preferable and controllable rate. The maximum metal concentration in the paste was 20% and the paste also contained 10% of the protective polymer. Gold nanoparticles having diameter of a few tens nanometer were known to exhibit red color due to plasmon light absorption. The gold nanoparticle paste obtained in this study was applied as a paint colorant and proved to show an aesthetic color and high weather durability.
Introduction
Metal nanoparticles are of interest in a variety of field including electronics'), optics'), chemical catalysis') and metal film patterning by ink jet printing. Nanosized gold particles are known to exhibit a clear and stable red color due to light absorption around 520 nm by its surface plasmon. This type of red coloring has been utilized in a glass industry. Stained glass and high class tableware such as Venetian glass are typical examples. The authors intended to reproduce this coloring mechanism in paint films.
In order to attain sufficient coloring of paint films by gold nanoparticles like glassware, we have to prepare a highly concentrated gold paste. This was because the thickness of paint film is generally much thinner than that of glassware. Our rough calculation required production of a paste containing more than a few percents of gold nanoparticles.
Moreover, since the wavelength of absorbed light depends on the particle size, uniform particle size distribution was indispensable for clear color.
As for the preparation methods of nano-sized gold particle, a lot of work has been reported. These methods could be roughly classified into two categories.
One is the reduction method of Au3+ ion in liquid phase in the presence of adequate protective agents against mutual coagulation of gold particles. Citric acid has often been used to reduce Au3+ ion and also to protect the formed gold nanoparticles5-8). Sato et al. found that SurfinolTM 465, a surfactant with acetylenic linkage in the main chain, also behave as both a reductant and a protective agent9). Esumi et al. utilized dendrimers as the protective agent for the reduction of Au3+ ionio---14)
by UV irradiation and by addition of NaBH4. The gold nanoparticles obtained by this kind of method generally exhibit rather clear color. However, no works reported preparation at higher concentration more than 1%. This is because that the prevention of mutual coagulation of gold nanoparticles becomes much more difficult as the concentration increased.
The other category of preparation method is called physical vaporization method'45-18). In this method, gold ingot is placed in vacuum system, then heated and vaporized in inert gas such as Ar and He at reduced pressure. The vaporized gold atoms come into collision each other and grow up to particles via clusters. The formed particles are corrected by adequate methods such as cold trap. Thus relatively higher concentration of gold nanoparticles is attainable. The authors preliminary investigated the coloring properties of the gold nanoparticles obtained by this method and found that the color clearness was insufficient for a paint colorant.
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Since no methods were found to prepare a concentrated paste of nano-sized gold particles with sufficient clear color for paint colorant, the authors decided to develop a novel method. In order to insure the color clearness, we adopted a reduction method in liquid phase. Accordingly, a point of issue was how to prevent the mutual coagulation of gold nanoparticles at the increased concentration.
In paint industry, a specially designed comb-shaped block copolymers were widely used to stabilize the dispersed states of high performance pigments'9'"). In this study, a similar type of the polymer used in the pigment dispersion was adopted to prevent the mutual coagulation of gold nanoparticles. In addition, fatty amines were found to reduce Au3+ ion.
The rate of this reaction was relatively low, which is suitable for the industrial production. Combination of the use of the amines for the reduction and the use of the comb-shaped block copolymer for the protection enabled the production of the concentrated paste containing more than 20% of gold nanoparticles. Rough information about this concentrated paste was introduced previously21,22). In this report, precise experimental condition and effect of amine species are discussed.
Experimental

Materials
Tetrachloroauric
(III) acid tetrahydrate (HAuC14 H2O) was purchased from Tanaka Kikinzoku Kogyo and used without further purification.
A water-soluble polyacrylate-based comb-shaped block copolymer (Polymer-W) was used for preparation of the aqueous gold nanoparticle pastes. Acid and base amounts evaluated by potentiometric titration") were 0.53 and 0.37 mmol g-1, respectively. A polyester -based comb-shaped block copolymer (Polymer-S) was used for the solvent type pastes. Acid and base amounts were 0.58 and 0.64 mmol g-', respectively.
Molecular weight of the both polymer was several tens thousands. As schematically shown in Figure 1 , Polymer-W and Polymer-S possessed secondary or tertiary amino groups in the main chain and were expected to adsorb on the gold nanoparticles by these amino groups. was stirred at room temperature for 10 min. Predetermined amount of amine was added to the solution, which was kept stirred for 1 h. Residual ionic species were removed from the mixture containing the gold nanoparticle by electrodialyzer (Micro AcilyzerTM S-6, Asahi Kasei) .
Preparation of the solvent type pastes
Polymer-S (12 g) was dissolved in acetone (400 mL) in 1-L flask and 1 M HAuC14 aqueous solution (100 mL) was added. The opaque mixture was stirred at room temperature for 10 min. Predetermined amount of amine was added to the mixture, which was kept stirred for 1 h and left stand for 24 h. Settled dark red composite consisting of gold nanoparticle and Polymer-S was collected, which was washed with water to remove ionic species and dried under vacuum, then dissolved in toluene.
2. In a similar experiment in the presence of Polymer-W (50 g) , a uniform dark red mixture was obtained.
The light absorption spectrum of the purified mixture is shown in Figure 3 with diameter around 15 nm were observed. Thus the dark red mixture obtained in the presence of Polymer-W was revealed to be a uniform and highly concentrated (ca. 2%) dispersion of gold nanoparticle.
The molar ratio of added amine to HAuC14 was varied from 1 : 1 to 12 : 1 and the appearance of mixture was investigated. As shown in Table 1 , more than 1.5 times molar ratio was necessary to reduce Au' ion.
This result suggests that the lone pair of nitrogen atom was responsible for the reduction of Au3+ ion. However, ). This again suggests that the lone pair of nitrogen atom of the amine was responsible for the reduction.
The experiments for Ag have also revealed that at least 2 times amine amount was required to yield stable dispersion. The coordination number of Au" and Ag+ are 4 and 2, respectively. Since the coordination number of Au' and Ag+ coincides with the least amine amount to yield stable dispersion of each nanoparticle, the formation of an amine-Au" (Ag+) complex would contribute to the preparation of the stable gold (silver) nanoparticle dispersion. This will be discussed again in the next section.
The amine ratios more than 6 resulted in unstable dispersions. The reason would be that the excess amount of amine interfered with the adsorption of polymer through substituting the aminogroups of Polymer-W on the gold surface.
Effect of amine species
Amines in section 2.1 were used to prepare the gold nanoparticle according to procedure described in section 2.2. Time from the addition of the amines to the point that the mixture began to show red color was recorded and summarized in Table 2 . Molar ratio of the amine and HAuC14 was 5 : 1.
Tertiary amines showed the highest formation rate, followed by secondary amines. Primary amines did not yield the gold nanoparticles.
Generally, reaction rates of amino compounds lie in the order primary > secondary > tertiary. The observed order in this study was opposite. This result also can be explained by the assumption of the contribution of amine-Au" complex.
Possible reaction mechanism is as follows. Amines coordinate to Au' first. Stability of the amine-coordinated Au' complex depend on the class of amine ; that is, stability will be in the order primary > secondary > tertiary. Unstable tertiary amine-Au3+ complex degraded easily and Au3+ fell to more stable Au atom Fig. 3 The light absorption spectrum of the gold nanoparticle pastes (30000 times dilution). In order to strengthen the above assumption, we used N,N,N',N'-tetramethylethylenediamine (TMED) , known as a strong chelating compound, to form the gold nanoparticles. Though TMED classified as tertiary amine, the time taken to yield the red colored mixture was 700 s (Table 2 ) , similar to those of secondary amines. This is because that the TMED-Au3+ complex was more stable than those of ordinary tertiary amines and prolonged time was necessary to degrade.
3.3 Preparation of concentrated pastes From the above study, molar ratio of amine to HAuC14 was set to 5 : 1 in the procedure described in sections 2.2 and 2.3. Aqueous pastes were concentrated by removing water using a rotary evaporator.
Final composition of the aqueous paste was gold nanoparticle (16%) , Polymer-W (20%) , and water (64%) . The solvent type paste consisted of the gold nanoparticle (20%) , Polymer S (10%) , and toluene (70%) . A part of Polymer-W and Polymer-S was seemed to be lost in the purification process. is shown in Figure 5 . The color difference between the illuminated and shaded areas were much larger than the paint system with the conventionally pigmented colored clear top coats. This type of appearance was judged to be highly aesthetic by the designers.
The angular dependence of light reflection by the above coating painted on a flat panel is shown in Figure  6 . Also in this figure, Table 2 Effect of the amine species on the formation rate of the gold nanoparticles (See color photo on the first page.) 1/2 of the wavelength. The size of the gold nanoparticle was about 1/40 of the wavelength and its light scattering was negligibly small. However, for the iron oxide particle, the light scattering could not be ignored because its particle size was more than 1/6 of the wavelength.
Results of weather durability test for the coatings containing gold nanoparticle are summarized in Table  3 . All the panels tested showed color change (AE) of less than 1. Thus the gold nanoparticles obtained in this study were proved to possess a high durability. 
